Annealing of defects in bulk fused silicas suggests the rate-limiting step is diffusion of molecular species. Evidence that similar processes occur in MOS devices is presented. A systematic dependence on gate size is shown.
I. Introduction
Recently several authors have suggested that the annealing of radiation induced defects in high-purity bulk fused silicas has, as the ratelimiting step, the diffusion of small molecules.
For example, Edwards and Fowler (1) have suggested that the annealing of E' centers in dry fused silica is limited by the diffusion of 02. Similarly, Griscom(2) has interpreted his data for the annealing of E' centers in wet silicas in terms of the diffusion of H20.
The idea that reactions involving water and water-related species may be important in MOS devices can be found in a substantial body of research literature.
For example, Nicollian, et al. (3) showed that the production and annealing of negative charged centers in their specimens required the presence of water. More recently, Feigl, et al. (4) was greatly enhanced by the presence of water. Also, Sah, et al. (5) treat the effect of water vapor (or hydrogen) on interface state generation and annealing.
In this paper, we explore the implications of Griscom's work on annealing in fused silica to the subject of annealing in MOS devices. The hypothesis will be made that during annealing small molecules diffuse to the sites of radiation induced defects and annihilate them. We will consider whether this hypothesis can serve to clarify experimental data. First, we have collected a series of isochronal annealing data for MOS devices taken from the open literature and from recent work at this laboratory. A portion of this data is shown in Fig. 1 as solid lines. These are compared with Griscom's ESR data for the annealing of E' centers from fused silica (2'1'1) shown as dashed lines.
Two comments should be made about the data of Fig. 1 prior to drawing any conclusions. First, the various experimenters used differing annealing times. Thus, in order to make a meaningful comparison, it is necessary to convert some of the data to achieve common annealing times for the isochronal anneals.
A conversion was performed based on the hypothesis of a diffusion controlled reaction using the model described in Section III. Additional de-300 400 TEMPERATURE (C) Figure 1 Isochronal annealing data for MOS devices (solid lines) and bulk SiO2 (dashed lines). All data converted to equivalent half-hour anneals. The numbers on the curves refer to the literature sources. A list of the sources and of the effect which is being measured is as follows: (1 U.S. Government work not protected by U.S. copyright.
---tails are given in an Appendix. This conversion is somewhat approximate, principally because of incomplete knowledge of the reactant concentrations.
Secondly, the data was not all generated in the same way. The curves represent several different methods of defect generation (Co-60, x-rays, etc.) and several different types of measurements (flat band shift, threshold shift, interface state density, etc.).
No systematic pattern was observed which could be related to the method of defect generation or the method of defect measurement.
The complex nature of the processes under consideration, the varied nature of the data sources, and the probability of some error in the correction to a common annealing time might all be expected to introduce some scatter into the data. In spite of this, if we concentrate on the broad trends, two observations can be made. First, the MOS data is very similar to the ESR data on fused silica. This may be taken as evidence that similar processes are taking place. Second, the data seems to break into two distinct groups. This suggests two distinguishable processes.
If we consider the ESR data, the lower temperature process (where the E' concentration was reduced to 10% at about 270 C) has been fit by Griscom(2) The evidence of Fig. 1 is suggestive, but it is, of course, not sufficient to substantiate the inferences we have presented. In the remainder of this paper, we will present additional evidence which is relevant to the low temperature process. We shall return briefly to the subject of the high temperature process in the discussion section.
II. Experiment
In order to further explore this problem, MOS transistors of varying gate geometry have been subjected to irradiation followed by isothermal and isochronal anneals. The devices were n-MOS polysilicon gate transistors with gate lengths of 0.5, 1, 1.5, 2, 2. Figure 2 shows a set of isothermal anneal data using dry N2 as an annealing ambient. Transistors with small gates (such as 2.0,5) anneal significantly faster than those with large gates (such as 10.0,50).
There is some scatter in the data resulting in occasional points which are out of sequence. Nevertheless, the general pattern is clear.
A tentative explanation of this effect can be given with the aid of Fig. 3 Fig. 3 .) As a result, this modified Waite model might be expected to be adequate for short annealing times, but to fail later when the indiffusion from distant portions of the oxide begins to dominate the reaction. Even at longer times this model will serve as a limiting case and a guide to understanding the data, as will be shown.
The relevant parameters for the development of the modified model are given in Figure 5 . In Figure 5 , we show a concentration of the reactant, Cr, which is constant across the oxide thickness, Xox* This may explain why the annealing data for bulk fused silica and for MOS devices appear so similar.
Equations 3 lead to a simple family of curves for isothermal anneals as shown in Figure 6 . The solid lines in Fig. 6 show the relative defect concentration, Cd/Cod, as a function of the reduced time, t/T. The parameter n' is a measure of the ratio of the number of reactant molecules to the number of defects. Also plotted on Fig. 6 are some of the experimental annealing data taken from Figure 2 for devices 10.0,50 and 2.5,5. The values of T used to plot this experimental data were obtained by adjusting T in an attempt to obtain a best match to the theoretical curves for t/ T <7. Three points can be made using Figure 6 . First, the experimental data can be fit quite well to a diffusion controlled reaction model, at least for times where t/h <7. The fits shown for these two devices are representative of the remainder of the data. Second, the best fit is for n';z 0.6. This means that the number of reactant molecules is not large in comparison to the number of defects. Third, a value of n' of 0.6 implies that at the limit of very large values of t/T only -0.6 of the defects can be annealed out. Figure 2 does not support this inference. At large values of t/ T the relative defect concentrations continue to fall well below 0.6. These three facts are consistent with our hypothesis that annealing is being augmented by an indiffusion of reactant, a fact which is not contained within our simple modification of the Waite model. It should be noted that the analysis contained in this paragraph has been performed using data from Fig. 2 corresponding to relatively large gates. This is because annealing in the small gated devices appears to be dominated by indiffusion of reactant, and thus cannot be meaningfully compared with our model. activation energies. While we cannot disprove this assumption, we wish to point out that their data (for their "J process, p channels") can be fit to Figure 6 of the present paper in a way which is consistent with a single activation energy of about 0.6 eV. They further reason that this affects the production of radiation-induced interface states. While some variation in the density of strained bonds cannot be ruled out for our devices, it is not clear how this f act can be used to explain our annealing data.
Aitken (13) has investigated gate size dependence of annealing in his devices and found no dependence.
This suggests that indiffusion of a reactant was not present in his experiment. However, the isothermal anneal data of Ning (1) using what appears to be similar devices and methods can be reasonably well fit by Equation 3. The data f rom both of these sources lie in the high temperature region of Figure 1 . This suggests that a diffusion controlled reaction may be present in the high temperature regions, but that indiffusion of reactant does not occur.
Conclusions
A comparison of annealing studies for bulk fused quartz and for MOS devices has lead us to the hypothesis that annealing of radiation induced defects in MOS devices involves, as a rate limiting step, the diffusion of some small molecule (perhaps H20).
Additional experimental data and theoretical modeling has been presented which is consistent with the hypothesis. It is suggested that further study of this problem can profitably be carried out by correlated annealing studies using both bulk fused silica and MOS structures. 4063 parameter n' was not known. However, a value close to 1 is roughly consistent with the measurements of Griscom (mentioned above) and with the measurements discussed in Section II of this paper.
